Objectives: Correction of craniofacial microsomia (CFM) presents several challenges concerning the modality of surgical intervention. The aim of this study was to assess early and late surgical outcome, by undertaking Euclidean distance matrix analysis (EDMA) of CFM patients exhibiting an unilateral mandibular deformity that was surgically corrected by an inverted L osteotomy and autogenous bone graft.
crest cell migration into the first and second arches during early embryonic development (Seow et al., 1998) . Thalidomide-induced syndromes comparable with CFM have been reproduced in animal models to support this theory (Jacobsson and Granstrom, 1997) , and although mutant genes associated with the condition have been localized (Juriloff et al., 1987) , genetic inheritance still remains unclear. Thus, large numbers of cases appear to be sporadic, even though autosomal dominant, autosomal recessive, X-linked, and multifactorial hypotheses have been suggested (Burck, 1983; Rollnick and Kaye, 1983; Taysi et al., 1983) .
The mandible is substantially important when surgically correcting CFM skeletal imbalances because this is the region in which the largest growth deficiencies occur in many cases (Mathog and Leonard, 1980; Smahel, 1986; Ortiz-Monasterio et al., 1997) . Indeed, the earliest signs of skeletal deformity have been localized in the mandible. The abnormal growth patterns appear to be progressive and without surgical intervention skeletal symmetry deteriorates over time (Murray et al., 1984; Kaban et al., 1986) , although one study has shown that growth on the abnormal side of the mandible paralleled that of the nonaffected side (Polley et al., 1997) . It is also suspected that abnormal maxillary growth may have a secondary effect on the displaced mandible. Should the mandibular ramus on the diseased side be elongated early enough, maxillary growth may proceed following a more normal growth pattern. Thus, the need for maxillary correction may be reduced because its primary restriction for normal growth is removed by early mandibular correction (Murray et al., 1984; Kaban et al., 1986) .
The mandible is the focus of this current study because its asymmetric morphology has perhaps the most critical influence on overall facial esthetic appearance (Kaban et al., 1981) . The primary aim of this study is to carry out geometric morphometric assessments to localize alterations in mandibular form prior to and after surgical correction, using an inverted L osteotomy and an autogenous bone graft procedure. The null hypothesis to be tested is that there are no postoperative differences in mandibular morphology that contribute to improved facial symmetry. A further aim of this study is to indicate preoperative asymmetrical features of the mandible in CFM patients and to localize the regions most responsible for the deformities. Therefore, as well as obtaining a thorough surgical evaluation, further insight into the pathoetiology may be achieved, adding to the knowledge obtained in previous studies (e.g., Smahel, 1986) .
MATERIALS AND METHODS
Posteroanterior (PA) cephalographs of 14 consecutive patients (mean age at the time of surgery 9 Ϯ 2.5 years [SD] ; range 5 to 14 years) with unilateral features of CFM (Pruzansky type IIa) were retrieved. Each patient had been operated on by the same surgeon using an inverted L mandibular osteotomy and autogenous bone graft. The progress of each patient throughout their surgical treatment plan was represented by three sequential PA cephalographs. The preoperative cephalograph was taken prior to surgery, the mean early postoperative cephalograph 1 Ϯ 1 year after surgery, and the mean late postoperative cephalograph 3 Ϯ 2 years after surgery.
Each PA cephalograph was scanned using a Hewlett-Packard flatbed scanner to provide a digital image. Each image was viewed at a constant brightness and resolution (150 dpi) to provide uniform representations of each individual cephalograph. An appropriate software package was used to identify and digitize five homologous landmarks (Fig. 1) . A digitization error of Ͻ 1% was allowed for each landmark to be deemed as successfully identified. For mandibular form comparisons, conventional linear measurements were made on the five-noded geometry (Fig. 1) . The mean distances among the five landmarks were calculated for the three groups and a Student's t test was used to determine whether the observed differences were statistically significant.
To ascertain whether morphological differences existed between pre-and postoperative mandibular forms, it was necessary to compute average forms or consensus configurations of each group using Procrustes (generalized rotational fit) analysis (Gower, 1975; Rohlf and Slice, 1990) . Procrustes superimposition (the construction of a two-form superimposition by a least-squares method) was employed to generate an average five-noded geometry for each group. Following this method, every object's coordinates were translated, rotated, and scaled iteratively until the least-squares fit of all configurations was no longer improved. Therefore, all configurations were registered with respect to one another, and as a result of this procedure, geometric mandibular configurations were scaled to equivalent areas, avoiding problems introduced by differences in size. This procedure was undertaken for all three time-dependent groups (preop, postop 1, postop 2).
After obtaining mean consensus configurations, Euclidean distance matrix analysis (EDMA) was employed (Lele and Richtsmeier, 1991) to compare the mandibular form of the three groups (preop, postop 1, postop 2). EDMA is a coordinate-free, statistical procedure that compares two forms using all the possible linear distances between homologous landmarks. For each form, a form matrix is produced and the matrices are compared to identify the linear distances that are most and least different. Corresponding linear distance differences are expressed as ratios in the form difference matrix (Lele and Cole, 1996) . For example, if no difference exists between two landmarks, the relevant form difference matrix value would be 1.00. Consequently, values of Ͼ 1 or Ͻ 1 indicate that distances between landmarks differ in size. For example, a value of 1.13 indicates that the numerator configuration distance is 13% longer than that of the denominator configuration. For EDMA, mandibular form comparisons were undertaken that employed the five-landmark geometry shown in Figure 1 . The statistical method used to test the result was a nonparametric bootstrap method (Lele and Richtsmeier, 1991) , and the p values obtained relate to the likelihood of no morphological difference existing between the two consensus configurations.
Therefore, three mandibular form comparisons were undertaken: Comparison 1 considers the preop and postop 1 groups; 
RESULTS
For the five mandibular landmarks utilized, digitization errors did not exceed 0.4%. Therefore, all landmarks included in the analysis were deemed to be reliably identified. Results from the linear analysis appear first (Table 1) , followed by EDMA analyses of the consensus configurations. The EDMA results are presented as the form difference matrices of the preop, postop 1, and postop 2 groups.
Linear Measurements
Comparison 1 (preop, postop 1) indicated a mediolateral condylar-symphyseal width (rCdl Gn) increase of 12 mm on the treated side of the mandible and 9 mm on the untreated side (Cdl Gn). The mediolateral mandibular width (rCdl Go) showed an 8-mm postoperative increase, and the bigonial width (rGo Go) showed a similar 6-mm improvement. After ഠ 1 year, the untreated mandibular body length (Gn Go) showed a mean elongation of 7 mm.
Comparison 2 (postop 1, postop 2) showed a mean 8-mm decrease in mandibular body length (rGo Gn) on the treated side and an apparent 7-mm decrease on the untreated side. The majority of the results, however, did not give any clear indication of form differences between the postop 1 and postop 2 groups.
Comparison 3 (preop, postop 2) maintained the mean 8-mm postoperative increase in transmandibular width (rCdl Go), but the majority of the results do not give any clear indication of form differences between the preop, postop 2 groups.
EDMA
Using the nonparametric bootstrap method the five-noded consensus configurations of the mean preop, postop 1, and postop 2 forms showed statistical difference (p Ͻ .01) in all three comparisons. The form difference matrices for the three comparisons are shown in Table 2i -iii.
Comparison 1 (preop, postop 1) showed that differences were evident throughout the form matrix, but the most significant differences in morphology were seen to occur on the treated side. For example, increases of 19% in the mandibular body (rGo Gn), 17% in the mediolateral condylar-symphyseal width (rCdl Gn), and 13% in ramus length were seen on the treated side, while the untreated mandibular body (Gn Go) revealed an increase of 14%.
In comparison 2 (postop 1, postop 2), increases were located in the mandibular ramus on both the treated (rCdl rGo; 7%) and nontreated (Cdl Go; 5%) sides. Somewhat surprisingly, however, apparent length decreases of 23% were observed in the treated mandibular body (rGo Gn), and 10% in the mediolateral condylar-symphyseal width (rCdl Gn). Also noticeable were apparent decreases in mandibular body length on the untreated side (Gn Go) and mediolateral condylar-symphyseal width (Cdl Gn), demonstrating decreases of 8%, respectively.
Comparison 3 (preop, postop 2) showed that the preop consensus mandibular form undergoes elongations to produce the postop 2 consensus form. The length increases evident within the treated side were consistently greater than the length in-creases apparent on the nontreated side. The ramus length on the treated side (rCdl rGo) was seen to increase by 20% while the nontreated side ramus (Cdl Go) showed only an 8% increase. The transmandibular width (rCdl Go) also showed an 8% increase while the mediolateral condylar-symphyseal width (rCdl Gn) indicated an increase of 5%. The mandibular body on the treated side, however, showed a reduction is size of 8%.
The current results revealed an early improvement in the surgically treated mandibular form with some evidence of relapse or failure of growth over the time span studied.
DISCUSSION
There is considerable debate in the literature concerning the timing of surgical correction of CFM. Those who advocate early reconstruction prior to skeletal maturation do so believing that early surgery may help prevent secondary growth deformities (Munro, 1980; Mulliken et al., 1989) . Others feel that skeletal deformity in CFM is not progressive (Obwegeser, 1974; Rune et al., 1981) . In this study a limited number of appropriate CFM subjects were available. In all our cases, the decision to carry out surgical correction at this age was due to difficulties experienced by the children and significant pressure from parents to improve facial appearance. It was therefore difficult to construct a homogenous group of patients, but all were treated by the same method, using an inverted L osteotomy procedure. With a larger sample, it might have been possible to match age, sex, and the side displaying the unilateral deformity. Another problem was the difference in time after surgery evident in the postop 2 cephalographs. An indication of mandibular development immediately before, immediately after, and a constant postoperative period subsequent to surgery would have been preferable. In this study, however, the mean time after surgery for the postop 2 cephalographs available varied (3 Ϯ 2 years), which meant that postoperative findings included some patients that had surpassed the prepubertal stage. Not surprisingly perhaps, very few statistically significant results from linear measurement analyses were found in the preop, postop 2 comparison; presumably the high level of heterogeneity of the sample masked shape and size differences.
To overcome sample heterogeneity, the mandibular forms were scaled to an equivalent size for each stage of the analysis. The EDMA results illustrated the advantages of such techniques because all the form differences rendered statistical significance (p Ͻ .01) when size variation was removed. Conventional linear measurements, however, have the advantage of being relatively easy to comprehend, returning absolute measures (millimeters). Such methods also avoid the complex and recently developed mathematical techniques employed in the EDMA procedures, which can obfuscate interpretation. Justification for the use of the morphometric techniques comes from their growing use in the scientific literature (Bookstein, 1991b; Lele and Richtsmeier, 1991; Ayoub et al., 1994 Ayoub et al., , 1995 Boes et al., 1994; Singh et al., 1997a Singh et al., , b, c, 1998 . In addition, the admittedly scarce number of significant linear measurements corroborated the EDMA findings.
From the preop, postop 1 comparison, the most striking differences were increases in the mandibular body length on the treated side, and consequently the mediolateral condylar-symphyseal width (Table 2 ). This change can be explained by lateral displacement of the treated side of the mandible during the surgical procedure to the nonaffected side. Also evident from the EDMA was ramus elongation on the treated side. These changes demonstrated the largest overall improvements in appearance when comparing both sides of the mandible. In general, the form differences produced by the surgery were associated with an improvement in mandibular form in the early postoperative phase.
The most obvious changes in the postop 1, postop 2 comparison related to the treated mandibular body and mediolateral condylar-symphyseal width. EDMA presents these changes as length decreases between mandibular body landmarks (rGo Gn; rCdl Gn; Gn Go; Cdl Gn) that can be seen in Table 2 . In reality, it is highly unlikely that both sides of the mandibular body would sustain a length decrease in such a manner. The decrease in length observed in the analysis presumably relates to the drawbacks of representing a three-dimensional structure in two dimensions. The mandibular body length incorporates an anteroposterior component as well as a superoinferior component. Therefore, analyses of lateral cephalographs would also be required to more fully depict mandibular body length changes. The current analysis, however, reflects downward and forward mandibular growth that appears to reduce the distance between the mandibular angles and symphysis in a vertical plane. The important feature of these changes is that they are similar on both the treated and nontreated sides. The bilateral decrease in the body length seen in Table 2 occurs to a greater extent on the treated side than the nontreated side, however, suggesting the difference is associated with relapse, local remodeling at rGo or failure of growth of the mandibular body. Therefore, it is likely that postsurgical improvements in overall form appear to deteriorate over the time interval tested. Nevertheless, the ability to achieve bilateral growth in CFM patients after surgery was a primary objective of the operative procedure to overcome the relapse problems observed by Farrell and Kent (1977) . To confirm the success of the procedure, mandibular ramus growth on the surgically treated side was found to at least match that of the nontreated side. Interestingly, EDMA indicated slightly more growth on the treated side (Table 2 ; rCdl rGo). The EDMA results suggest that the treated ramus grew by about 7% and the untreated ramus by about 5% over the time span tested.
The preop, postop 2 comparison demonstrates that some improvements in mandibular form were maintained over about 3 years. Table 2 shows that, by far, the largest differences are seen in the ramus, with the treated and nontreated sides displaying increases in length of about 20% and 8% respectively (Table 2 ; rCdl rGo; Cdl Go). In the postop 2 configuration, the treated side body length (rGo Gn) is 8% shorter than it was in the preop configuration. The nontreated side (Gn Go) appeared to undergo an increase in length of 4%. It can be concluded that the initial, surgically induced ramus elongations (Table 2 ) are in part maintained over 3 years, but the mandibular body shows some evidence of relapse or differential growth relative to the nontreated side. Smahel (1986) localized skeletal abnormalities in CFM patients, employing conventional cephalometry. When results were compared between asymmetrical and ''normal'' facial appearances, it was shown that hypoplasia was most severe in the lower face. In addition, anterior-posterior dimensions were noted to have the greatest reductions, with chin retrusion and an increased frequency of bite disorders also evident. In this present study, the mandibular EDMA comparisons reinforce the observations made by Smahel (1986) on severe lower-face hypoplasia. It also gives a detailed morphometric indication of the mandibular regions that most contributed to the asymmetry.
Although the mandibular body displayed an improvement after surgery, it was this region, however, that demonstrated evidence of relapse later. Skeletal reconstruction to elongate the mandibular body is difficult because of the location of the inferior alveolar nerve. The asymmetrical mandibular body may benefit more from subcutaneous implants, situated superficial to the skeletal structure. To obtain optimal results, the use of microvascular free-flap soft tissue reconstruction in conjunction with skeletal osteotomies has been recommended (Siebert et al., 1996) . Distraction osteogenesis has also been employed recently as a method for surgical correction.
For the mandibular form comparisons, the greatest overall improvements were seen in the ramus. In the postop 2 configuration, the difference was 20%. This is a marked improvement and shows that over 3 years surgical improvements made to correct the ramus imbalance are maintained. Should the hypothesis stating that abnormal growth patterns in CFM are progressive be correct (Kaban et al., 1986; Murray et al., 1984) , then the inverted L osteotomy appears to overcome this problem and allows ramus growth to occur. At 2 years following surgery, there were no statistically significant differences between the treated and normal side. These findings demonstrate that the growth rate of the affected side was similar to that of the nonaffected side. This supports the concept that CFM is not progressive in nature. When Farrell and Kent (1977) studied the postoperative stability of inverted L osteotomies, it was found that posterior facial height lost 8% of its correction over a period of 6 to 12 months. Evidence for such postoperative relapse was not found in this study. In fact, the mandibular form comparisons revealed ramus growth on both treated and nontreated sides after surgery.
In this study, surgical correction was restricted to the mandible, and esthetic achievements were judged only by consideration of its skeletal form from the frontal aspect. Thus, the influence of soft tissues on the superficial appearance of the patients was not examined. The skeletal structures, however, provide a primary basis for achieving a good postoperative result. Also, the full evaluation of a surgical procedure involves many other factors such as the resultant mandibular function ability (including dental occlusion). Such evaluations have been undertaken for some surgical techniques (e.g., Naples et al., 1994) and the potential for expansion of this study remains. With a full knowledge of the benefits and flaws of all the procedures, the most appropriate surgical treatment plans for specific cases could be better decided. It is generally accepted that, due to the wide spectrum of malformations associated with the CFM condition, multidisciplinary management is most often necessary (Caldarelli et al., 1980) . In summary, the capabilities of the inverted ''L'' osteotomy procedure analyzed in this study have been demonstrated. Information from this study can also be used to complement previous inverted ''L,'' sagittal split and ''C'' osteotomy evaluations (Farrell and Kent, 1977; Naples et al., 1994) . It should be stressed, however, that the results illustrated in this study represent structural observations in only two dimensions, when in reality the structures are three-dimensional. This is particularly important when analyzing the morphometric changes that occur in the mandibular body, because form changes in the anterior-posterior dimension are best discernible from the lateral aspect. Therefore, a further study will be undertaken to include lateral cephalographs to give a fuller indication of the mandibular morphometric changes. Further studies could also investigate maxillary morphology and show how mandibular surgery affects its form. This analysis would test whether maxillary abnormalities are partly the result of secondary deformation caused by the abnormal mandibular location (Murray et al., 1984) . This information would be helpful in deciding whether maxillary reconstruction is required, because the likely amount of maxillary growth that would occur after a ramus reconstruction would be estimable.
